This study used magnetoencephalography to record oscillatory activity in a group of 17 patients with chronic tinnitus. Two methods, residual inhibition and residual excitation, were used to bring about transient changes in spontaneous tinnitus intensity in order to measure dynamic tinnitus correlates in individual patients. In residual inhibition, a positive correlation was seen between tinnitus intensity and both delta/theta (6/14 patients) and gamma band (8/14 patients) oscillations in auditory cortex, suggesting an increased thalamocortical input and cortical gamma response, respectively, associated with higher tinnitus states. Conversely, 4/4 patients exhibiting residual excitation demonstrated an inverse correlation between perceived tinnitus intensity and auditory cortex gamma oscillations (with no delta/theta changes) that cannot be explained by existing models. Significant oscillatory power changes were also identified in a variety of cortical regions, most commonly midline lobar regions in the default mode network, cerebellum, insula and anterior temporal lobe. These were highly variable across patients in terms of areas and frequency bands involved, and in direction of power change. We suggest a model based on a local circuit function of cortical gamma-band oscillations as a process of mutual inhibition that might suppress abnormal cortical activity in tinnitus. The work implicates auditory cortex gamma-band oscillations as a fundamental intrinsic mechanism for attenuating phantom auditory perception.
Introduction
Tinnitus is the perception of pitch or noise in the absence of a corresponding auditory stimulus, experienced as one or more acute episodes by 25% of the adult population and daily or permanently by 8% (Shargorodsky et al., 2010) . It is a symptom rather than a diagnosis and the existence of a universal substrate is controversial. Deafferentation of the central auditory system, identifiable as an abnormality on the pure-tone audiogram or more subtle tests of cochlear function (Weisz et al., 2006; Schaette and McAlpine, 2011) , has been proposed as one initiating event. A prevalent model for the neural correlate of tinnitus is based on thalamocortical dysrhythmia (Lliná s et al., 1999) . The thalamocortical dysrhythmia model proposes that tinnitus is driven by low-frequency delta ($2 Hz) and theta ($6 Hz) activity projecting from auditory thalamus to auditory cortex. This low-frequency activity represents a mode of spontaneous thalamic activity that occurs when normal thalamic input is lost due to deafferentation. The low-frequency thalamocortical input in turn induces high-frequency gamma oscillations in auditory cortex, putatively resulting from an imbalance in lateral inhibition. Gamma oscillations have been proposed as bases for the perception of tinnitus (Weisz et al., 2007) or, more specifically, for intensity coding (van der Loo et al., 2009; . Increased delta, theta and gamma oscillations in auditory cortex have been reported in several studies of resting-state activity in tinnitus (Weisz et al., 2005 (Weisz et al., , 2007 Ashton et al., 2007; van der Loo et al., 2009; Moazami-Goudarzi et al., 2010; de Ridder et al., 2011b) . However, reports of oscillatory changes are controversial in several respects. Firstly, the frequency bands labelled 'gamma' in these studies vary hugely from low gamma frequencies under 45 Hz (van der Loo et al., 2009) , through narrow ranges such as 50-55 Hz (Weisz et al., 2007) to much wider ranges and higher frequencies (de Ridder et al., 2011b; Ortmann et al., 2011) . Outside the field of tinnitus, gamma oscillations in auditory cortex recorded with magnetoencephalography (MEG) can extend to at least 150 Hz (Sedley et al., 2012) . Secondly, where auditory gamma oscillations in tinnitus have been identified, they have correlated with tinnitus perceptual features such as laterality in some studies (van der Loo et al., 2009 ). In Ortmann et al. (2011) , however, the correlation appeared to be with hearing loss rather than tinnitus perception. Thirdly, existing evidence is derived from resting-state measurements of tinnitus, which do not permit examination of the dynamic relationship between observed abnormalities and tinnitus perception. Finally, while gamma oscillations have been observed in positive association with tinnitus, and with other types of percept (Tallon-Baudry and Bertrand, 1999) , evidence from primary visual cortex shows that they are inversely related to neuronal firing rate and selective attention (Gieselmann and Thiele, 2008; Chalk et al., 2010) . At a local circuit level, they are best modelled as having their basis in lateral inhibitory processes and acting to mediate stimulus selectivity (Bathellier et al., 2006; Bö rgers et al., 2008) . Considered alone, these findings raise the possibility that gamma oscillations might even act to suppress tinnitus. We present evidence here that this might be the case.
An additional issue that is largely unaddressed by the existing literature concerns heterogeneity of the neural substrate for tinnitus across patients. Recent group-level EEG work on tinnitus has demonstrated differences between the substrates of high versus low distress groups, tonal versus narrow-band noise tinnitus, unilateral versus bilateral tinnitus, responders versus non-responders to prefrontal transcranial direct current stimulation in tinnitus, and recent versus chronic tinnitus (Vanneste et al., 2010a (Vanneste et al., , b, 2011a . It is therefore known that there is a certain amount of heterogeneity in the substrate for tinnitus, but the full extent of this remains unknown. We have therefore developed single-patient measures of the substrates for tinnitus, both to gain a better understanding of the extent of heterogeneity and to identify subtypes and variable-associated phenomena that might be masked by group analysis.
We used MEG to examine dynamic correlates of tinnitus during short-term variations in tinnitus intensity in individual patients that were associated with the two phenomena that are illustrated in Fig. 1 . Residual inhibition is a transient decrease in tinnitus intensity following the presentation of a specific external stimulus, persisting beyond the duration of that sound (Feldmann, 1971; Roberts, 2007) . The phenomenon is well reported in the literature, and results from stimulation of deafferented parts of the tonotopic axis in the lower auditory pathways, reducing spontaneous lowfrequency activity projecting to auditory cortex. Consistent with this model, the only previous study using residual inhibition with MEG (Kahlbrock and Weisz, 2008) found a decrease in low-frequency delta ($2 Hz) oscillations in auditory cortex during residual inhibition, suggesting a reduced thalamocortical input. A perceptually opposite phenomenon to residual inhibition has been observed whereby patients experience a transient increase in tinnitus intensity following the presentation of an external sound that persists beyond the duration of that sound. In a study of residual inhibition, in a subset of patients, external sound caused tinnitus to become louder (Roberts et al., 2006) . Despite being quite common (numerous patients have reported it both in person and in online tinnitus forums), this phenomenon has received relatively little attention in the scientific literature on tinnitus, and presently lacks a name or a proposed mechanism. We have applied the term 'residual excitation' to this phenomenon. As its mechanism is unknown, it does not necessarily involve modification of low-frequency activity in the lower auditory pathways, as in residual inhibition.
We studied tinnitus correlates in individual patients, rather than at group level, to disambiguate neural activity common to all patients (reflecting universal mechanisms) from that which was heterogeneous across patients (reflecting individual mechanisms), and to allow tolerance to subtle differences in anatomical location or precise frequency of observed activity that might be lost at group level. We used a validated 4D (three spatial dimensions and a frequency dimension), non-parametric, permutation-based cluster identification method to identify areas of brain-frequency space showing oscillatory power changes significant at the individual level after correction for multiple comparisons (Hipp et al., 2011) . This method removes constraint or bias from previous hypotheses.
Materials and methods
We aimed to study a range of 'typical' tinnitus patients rather than any specific subtype. Thirty patients with chronic tinnitus (46 months duration) were recruited through a local tinnitus clinic and public advertisement at University College London. We recruited through both methods to find a range of patients with tinnitus in terms of severity and distress. Patients were selected irrespective of their specific tinnitus phenomenology, except that we preferentially invited patients who stated they had normal hearing or unilateral tinnitus. The reason for this selectivity was that only a minority of tinnitus patients fall into these categories, and we wanted to be able to assess whether observed correlates could be explained by hearing loss, and whether or not they would be observed contralaterally to the side of perceived tinnitus as might be expected from previous research (van der Loo et al., 2009) . Only the following exclusion criteria were applied: wider neurological illness, tinnitus of vascular origin, profound deafness and the use of sedative medications or contraindications to MRI. All patients provided informed written consent, and the study was approved by the North London Research Ethics Committee 1, UK.
Audiometric assessment
Patients had pure-tone audiograms performed (from 0.125 to 8 kHz in octave steps) at a neuro-otology clinic separately from the main study, with the exception of two patients who were lost to follow-up before this could be arranged. Most patients also underwent recording of transient evoked otoacoustic emissions in the 1-4 kHz response range. We used 20 dB as the threshold for identifying areas of hearing loss on pure-tone audiogram, and for transient evoked otoacoustic emissions we defined frequency regions of reduced emissions as those with a signal-to-noise ratio of 57 dB, based on age-stable population normative data (Glattke and Robinette, 1997) .
Tinnitus phenomenological and psychophysical assessment
Patients completed a questionnaire outlining the phenomenology of their tinnitus (including character, loudness, duration and laterality) and the Tinnitus Handicap Inventory (Newman et al., 1996) . Each patient used a customized computer program to create and modify the centre frequency and bandwidth of a white noise stimulus to cause maximal suppression of their tinnitus (masker), and another signal physically similar to the masker but that caused minimal or no suppression (control). As an alternative to creating a stimulus causing transient suppression of tinnitus (residual inhibition), patients were also given the option of finding a stimulus that caused a transient increase in tinnitus, or residual excitation. The paradigm for residual excitation was identical to that for residual inhibition. Patients achieving residual inhibition or residual excitation based on the psychophysical assessment were selected to participate in the MEG experiment, and undergo structural MRI, irrespective of the degree or duration of the tinnitus modification; again, we aimed to study typical tinnitus patients by being as unbiased as possible. Patients unable to achieve either phenomenon were not studied further. See Supplementary material for further details of the psychophysical assessment and its quantification.
Data collection
MEG data were acquired for 20 min, with patients in an upright position, using a CTF Systems whole-head configuration with 274 axial gradiometers. Patients fixated on the centre of a screen in front of them for the duration of the experiment. Auditory stimuli consisted of the masker and control stimuli created during the psychophysics session, which were delivered diotically via a pneumatic system with Etymotic earmolds, and adjusted to a comfortable volume for the patient of $70 dB A . The masker and control stimuli were matched in terms of the root-mean-square intensity and duration, and differed in centre frequency (and sometimes bandwidth). The recording session consisted of the largest even number of blocks that could be fitted into 20 min. Each block contained the same order of events as in the psychophysics: (i) presentation of masker or control stimulus for specified duration (range 6-30 s); (ii) immediate rating of tinnitus intensity after cessation of stimulus; and (iii) a specified number of passive, silent periods (range 1-12 periods) of specified length (range 5-15 s), where data were collected and used for analysis. These periods were each followed by a further rating of tinnitus intensity, which was rated using the same 5-point scale as in the psychophysics session; the current tinnitus rating was displayed on the screen (starting at 'normal' for the first rating and updated thereafter) and patients used a three-button keypad to decrease, increase or accept this rating. The experiment did not proceed until a rating was given, so there were no instances of missed ratings. Patients' mean times taken to give ratings ranged from 0.90 to 3.55 s [mean 1.74, standard deviation (SD) 0.66]. Patients' mean intervals between the end of one stimulus and the start of the next (i.e. the sum of all passive silent periods and active rating periods) ranged from 13 to 138 s (mean 66, SD 32). Figure 1 illustrates the experimental design for both residual inhibition and residual excitation paradigms.
After MEG, a T 1 -weighted structural MRI scan (Deichmann et al., 2004) was acquired for each patient at 3 T. Vitamin E capsules were placed over the MEG fiducial points to allow accurate co-registration. Due to claustrophobia and/or hyperacusis, six patients could not tolerate the structural MRI scan, and a template T 1 brain image (from the SPM8 toolbox for MEG/EEG; Litvak et al., 2011) was used for their analysis instead.
Data sorting
MEG data were separated into segments corresponding to the passive, silent periods used in the experiment. Only data acquired during these epochs were used for analysis, and all data acquired during the presentation of auditory stimuli or the active rating process (defined as from the start of the rating prompt until the rating was given) were discarded. Segments were sorted into 'high' and 'low' conditions based on the intra-experimental ratings of tinnitus intensity that immediately preceded and followed them. For the purposes of the analysis of dynamic fluctuation in intensity within subjects, the absolute ratings corresponding to 'high' and 'low' could differ between subjects to allow a similar number of segments corresponding to each condition and the maximum power to demonstrate brain changes when the tinnitus changed. There was no requirement that data assigned to the 'low' category had to follow the masker rather than control stimulus, or vice versa, although this was usually the case in practice. Some strict rules were applied to prevent any bias or confounds from influencing the results: (i) data were sorted into categories only once, prior to analysis, and this process was not repeated; (ii) the same total length of data had to be included in each condition; and (iii) data segments in each category were matched in terms of how long after the most recent auditory stimulus they occurred (to exclude a main effect of time).
Data processing and statistical analysis
Data segments were fragmented into trials of 2.5 s and analysed using FieldTrip (Oostenveld et al., 2011) and custom written analysis routines in MATLAB (Mathworks Inc.). To examine oscillatory power changes at all frequencies and all cortical locations while correcting for multiple comparisons, we employed a non-parametric 4D Monte Carlo cluster analysis technique, with cluster significance determined by a permutation statistic. Our methods were based on recently published methods (Hipp et al., 2011) , with minor differences, as described in the Supplementary material. In essence, this method reconstructs power changes, using a beamformer algorithm, at each frequency on a 16 point logarithmic scale (1.5-150 Hz) in each brain location on a 3D grid with 10-mm spacing, and uses a non-parametric analysis to identify significant clusters within this 4D brain frequency space. Significant clusters are projected into the 3D spatial and 1D frequency domains for display.
As a conservative post hoc analysis, we sought to confirm the dichotomous trend in auditory cortex gamma oscillations at group level. To do this, we treated each hemisphere in each patient as a single subject. Power in each of 16 logarithmically-spaced frequency bands from 1.5 to 150 Hz was calculated, using the dynamic imaging of coherent sources beamformer (dynamic imaging of coherent sources; Gross et al., 2001) , at the single dipole closest to the posterior border of mid-Heschl's gyrus (approximating the centre of auditory cortex) and averaged to a single value for each frequency in each subject. Power values were calculated as (P high À P low )/(P high + P low ), with P representing the mean raw power value for each condition. At each of the 16 frequencies, a two-tailed independent samples t-test was performed to test for significant differences between the residual inhibition and residual excitation groups (P 5 0.05, uncorrected).
Results

Patients and psychophysics
Thirty patients participated in the study; seven of these could not achieve residual inhibition or excitation, one could not tolerate the psychophysical experiment, one had a complex psychophysical response to the masker stimulus that could not be quantified, two required masking stimulus frequencies of 410 kHz that could not be reproduced on the pneumatic sound delivery system used for MEG, one could not remove an item of religious headgear that was incompatible with MEG and the data from one patient were lost due to an acquisition error. Of the remaining 17 patients completing the study, 14 exhibited residual inhibition and four exhibited residual excitation. One patient exhibited both residual inhibition and residual excitation, and was analysed as a separate subject for each phenomenon. Table 1 summarizes the patients' demographics, tinnitus phenomenology and experimental psychophysics. Three patients were female, and ages ranged from 21 to 52 years. Eight patients did not have any hearing loss on pure tone audiogram up to 8 kHz, defined as hearing level 420 dB. Nine patients underwent measurement of transient evoked otoacoustic emissions (including four with normal pure-tone audiograms); all of these patients had reduced emissions in the 4-kHz region, with some also having decreases in lower frequencies. Tinnitus duration varied from 7 months to 15 years. Tinnitus Handicap Inventory scores varied from 8 to 56 out of 100. Nine patients had Figure 1 Example schematic of residual inhibition and residual excitation paradigms. In each half, the upper section shows the active (masker) condition and the lower section the control condition. The horizontal axis represents time, the shaded rectangles the auditory stimuli, the numbered brackets the data segments potentially used for analysis, the continuous black lines the intensity of tinnitus and the short vertical lines the instances where the patient rates their tinnitus intensity. The arrowed lines indicate the data segments used for further analysis in these examples and the categories to which they are assigned. Note that the 'high' and 'low' categories are relative, and paradigm-dependent, such that baseline tinnitus intensity is designated high and low in residual inhibition and residual excitation, respectively. symmetrical bilateral tinnitus, four had asymmetrical bilateral tinnitus and four had unilateral tinnitus. Masker centre frequencies were all 41 kHz but highly variable (range 1.2-7 kHz), as were the bandwidths (range 0.025-0.525 kHz with an outlier at 4 kHz). Fourteen out of 18 masker stimuli (in both residual inhibition and residual excitation conditions) were of higher centre frequency than their respective controls. Of the remaining stimuli, one was of equal centre frequency to its control (differing in bandwidth), one was identical (serving as its own control) and two had consistency indices at or near zero (denoting equal masking efficacy of masker and control stimuli). These findings raise the possibility that observed power changes might represent responses to systematic differences in the preceding stimuli rather than changes in tinnitus properties; however, we present arguments against this possibility in the Supplementary material. In the majority of patients with hearing loss, there was no consistent relationship between frequency of hearing loss and masker or control stimulus frequencies; masker frequencies fell inside and outside of regions of hearing loss, and in one case, the masker fell outside of the hearing loss range while the control stimulus was within it. Consistency indices were highly variable for residual inhibition, occupying the full 0-1 range. Three patients showing residual inhibition had consistency indices of 1.0; they all had hearing loss on pure-tone audiogram and masker frequencies that fell within their region of hearing loss or (in one case) within their region of reduced transient evoked otoacoustic emissions. For patients showing residual excitation, the consistency index range was 0.87-1.0 and, unlike in residual inhibition, high consistency indices were found in patients with normal pure-tone audiograms. No consistency index values were negative, indicating that all stimuli performed as expected. Standard deviations of duration of tinnitus modification following the masker stimuli were highly variable for both residual inhibition and residual excitation groups (0.00-1.63), and were not dependent on masker or pure-tone audiogram characteristics. Our findings suggest that residual inhibition is a highly variable phenomenon in its efficacy and consistency, and is most consistent where maskers are applied to regions of hearing loss, and are in keeping with prior research on residual inhibition (Roberts et al., 2008) .
Significant clusters
Of the 18 effective subjects, 17 showed at least one significant cluster of altered oscillatory power associated with altered tinnitus intensity, with three clusters being the maximum per subject and a total of 30 clusters identified. All clusters identified, whether consistent between subjects or not, were significant at individual level for P 5 0.05 with correction for multiple comparisons, such that across all subjects only one false positive cluster would be expected. The following paragraphs outline the activity in the observed clusters, which is described in the direction of increased tinnitus (i.e. masker versus control in the residual inhibition condition, and control versus masker for residual excitation).
Auditory cortex and insula
Fifteen subjects showed clusters including power changes in auditory cortex (defined here as Heschl's gyrus and planum temporale), with a total of 16 such clusters identified. These clusters are summarized in Fig. 2 , with each cluster displayed on a single axial structural MRI slice alongside its frequency spectrum. Twelve clusters covering auditory cortex also appeared to include the insula (all of which were gamma-range clusters, i.e. 430 Hz), although due to spatial limitations, we cannot be confident whether this represents true insula activity or spillover from auditory cortex. Twelve auditory cortex clusters featured power changes in the gamma range, three of which also showed power changes in lower delta/theta frequency ranges, and three clusters were predominantly in the delta/theta range and did not include gamma changes. Frequency spectra within the gamma range varied between broad and relatively narrow bands, the latter also varying between higher and low gamma frequencies. Clusters varied in terms of laterality, being left or right lateralized, or bilateral, and cluster laterality appeared unrelated to tinnitus laterality. Some clusters were limited to auditory cortex, while others encompassed power changes in other cortical regions (largely midline cortical structures). Most strikingly, eight out of the nine auditory cortex gamma clusters in the subjects showing residual inhibition showed power increases with increased tinnitus intensity (constituting a significant group-level increase; binomial P = 0.0195), while all four of the gamma clusters in the residual excitation subjects showed power decreases with increased tinnitus intensity. This dichotomy was also seen in Subject 13, who exhibited both residual inhibition and residual excitation phenomena. Delta and theta range power changes were only found in association with residual inhibition, and only showed a positive correlation with tinnitus intensity.
Our post hoc conservative analysis of auditory cortex power changes at group level confirmed the dichotomous trend in auditory cortex gamma described above. Figure 3 shows the results of this analysis with each frequency being represented by the group mean and standard error, for the residual inhibition and residual excitation groups separately. We found that there were few changes at group level for frequencies 5$20 Hz for either group, while above this there were increases for the residual inhibition group 480 Hz and dramatic decreases for the residual excitation group 420 Hz, both associated with increased tinnitus intensity.
Other cortical areas
Of the 30 significant clusters, 16 were positive (power increases associated with increased tinnitus) and 14 negative (power decreases with increased tinnitus). Clusters were heterogeneous in terms of their frequency ranges (including low, mid, high and mixed frequencies), and in terms of their directions of power change for a given cortical area between subjects. A wide range of brain regions was covered by the various clusters, but the most consistent besides auditory cortex were cerebellum (n = 12 clusters, 11 of high predominance, one of low predominance, six positive, six negative), anterior temporal lobe (n = 11, eight high predominance, five positive), posterior cingulate cortex (n = 14, seven high predominance, seven positive), ventromedial prefrontal cortex (n = 11, seven high predominance, five positive), medial occipital lobe (n = 13, five high predominance, seven positive) and anterior cingulate cortex (n = 12, three high predominance, five positive). These results are summarized in Table 2 , and the clusters displayed in full in the Supplementary material. Due to the depth of the structures concerned, we were unable to distinguish activity in the cortex of the anterior temporal lobe from anterior mesial temporal lobe structures including amygdala and parahippocampal cortex, or to differentiate medial frontal lobe from anterior cingulate cortex or precuneus from posterior cingulate cortex. Power changes close to the Sylvian fissure were observed in many clusters (potentially including temporo-parietal junction and superior/middle temporal gyri) but could not confidently be distinguished as separate from auditory cortex activity, particularly as these always occurred as part of the same clusters. More power changes outside auditory cortex were observed in the residual inhibition group than the residual excitation group, but with no consistent relationship emerging. None of the areas covered by the clusters showed a consistent trend in terms of laterality, frequency band involved or direction of power change. Neither was observed heterogeneity of cluster characteristics clearly explicable by tinnitus laterality, duration, Tinnitus Handicap Inventory score or the presence of hearing loss, or by tinnitus character, the psychophysical measures of consistency index or standard deviation.
Discussion
We studied a typical and heterogeneous group of patients with tinnitus, as evidenced by a range of ages, the presence or absence of overt hearing loss, tinnitus aetiology, distress, duration and laterality. Similarly heterogeneous across patients, though without any systematic relationship with these factors, were the frequency bands and directions of oscillatory power change in non-auditory cortical regions. The Supplementary material provides further interpretation of these findings and their relevance to the study of tinnitus and other perceptual situations, in which a similar degree of heterogeneity might be found. Despite this marked heterogeneity, subjects consistently demonstrated correlations, at individual level, between perceived tinnitus intensity and the strength of localized auditory cortex gamma oscillations in the residual inhibition and residual excitation conditions.
In the context of residual inhibition, auditory cortex gamma positively correlated with tinnitus intensity (i.e. decreased during residual inhibition). Residual inhibition is achieved by a transient and partial normalization of the deafferentation of auditory thalamus that leads to the generation of tinnitus. Our finding of increased delta/theta power in the auditory cortex of six subjects, with increased tinnitus intensity in the context of residual inhibition, was in keeping with this model (increases might also have existed in the other subjects, but did not reach statistical significance). As the presence of tinnitus is known to be associated with increased auditory cortex gamma, these findings are to be expected. However, they do not shed any further light on the role that auditory cortex gamma actually plays with respect to tinnitus. If auditory cortex gamma were the cornerstone and driving force behind the perception of tinnitus (as proposed in the theory of thalamocortical dysrhythmia) then it would be expected to decrease along with tinnitus decreases in residual inhibition. However, if auditory cortex gamma were an inhibitory force in tinnitus, it would also be expected to decrease in residual inhibition, during which the tinnitus drive to inhibition decreases.
In the context of residual excitation, auditory cortex gamma negatively correlated with tinnitus intensity (i.e. decreased during residual excitation). This finding is incompatible with any theory based on auditory cortex gamma as a driving force behind tinnitus (or as a driving force behind perception in general) and demands a reconsideration of what its role might be. Unlike residual inhibition, residual excitation cannot primarily operate at the level of the auditory periphery or thalamus, in which case the same relationship between tinnitus intensity and auditory cortex gamma should be demonstrated as in residual inhibition (i.e. increasing auditory cortex gamma power during excitation associated with increasing low-frequency power as a reflection of increased thalamocortical input). Rather, with increasing tinnitus intensity, we found decreasing gamma power and no change in delta or theta band power during residual excitation. It is also unlikely that it is primarily a top-down process from higher cortical areas, as our results showed extra-auditory cortical power changes in only a minority of residual excitation subjects, with no consistency between these. The consistent reduction in auditory cortex gamma oscillatory power in residual excitation suggests a local basis in auditory cortex, with modification of gamma oscillations as its fundamental mechanism.
Based on our experimental findings, we propose that auditory cortex gamma oscillations suppress, rather than cause, the perception of tinnitus. Our present data are insufficient to establish the mechanism by which this inhibitory process operates. However, our results are fully explicable by existing knowledge derived from the study of gamma oscillations at a local circuit level. We therefore offer a speculative model to explain how gamma oscillations might inhibit the perception of tinnitus, and how these oscillations might be disrupted to give rise to residual excitation. Figure 3 Power changes in auditory cortex at group level. Each hemisphere in each patient was treated as an individual subject. For each hemisphere, power was taken at the closest dipole to the posterior edge of the middle of Heschl's gyrus. Relative power change was calculated, for each frequency, as 100(P high À P low )/(P high + P low ). Points indicate the group mean and error bars indicate the standard error of the mean. The horizontal black bar denotes differences between groups significant at P 5 0.05 uncorrected. RE = residual excitation; RI = residual inhibition. Table 2 Summary of all clusters and power changes in the most frequently affected cortical areas Each table row represents one cluster. No = subject number; Mod = type of tinnitus manipulation; Dir = direction of power change for cluster (red and blue text throughout table also denotes power increases and decreases respectively); Freqs = frequency bands covered by clusters (4) (5) (6) (7) (8) (8) (9) (10) (11) (12) ; bold underlined symbol indicates max T score for frequency band 5 2/3 maximum for cluster, standard symbol indicates max T score 5 1/3 maximum. 'x' for a cortical area indicates max T score in that area 5 2/3 maximum for cluster, and '.' indicates max T score 5 1/3 maximum for cluster. 'Total' rows indicate proportion of residual inhibition or residual excitation subjects showing at least one cluster with max T 5 2/3 maximum (open) and 51/3 maximum (parentheses) in that cortical area. See Supplementary Fig. 1 for an illustration of all 30 significant clusters in full. AC = auditory cortex; ACC = anterior cingulate cortex or adjacent mesial frontal lobe; ATL = anterior temporal lobe Cereb = cerebellum; Ins = insula; Occip = midline occipital cortex; PCC = posterior cingulate cortex or precuneus; RE = residual excitation; RI = residual inhibition; vmPFC = ventromedial prefrontal cortex. Figure 4 illustrates this model in the context of a simplified auditory pathway during spontaneous tinnitus, residual inhibition and residual excitation (both during and after masker presentation). In spontaneous tinnitus, cochlear dysfunction reduces thalamic inputs in the affected parts of the tonotopic axis. This thalamic deafferentation gives rise to regions of spontaneous low-frequency spiking activity. This in turn projects to auditory cortex in approximately the inverse tonotopic configuration to the thalamic input (i.e. areas of weak thalamic input give rise to strong thalamic outputs). Stimulated tonotopic regions in auditory cortex exert lateral inhibitory influences over neighbouring regions; as the thalamocortical input is broad, these lateral inhibitory connections are relatively balanced. There is strong evidence that gamma oscillations are driven by inhibitory interneurons and constitute a process of mutual inhibition whereby excitatory neurons are rhythmically and synchronously inhibited at gamma frequencies (Wang and Rinzel, 1992; Bartos et al., 2007) . Furthermore, evidence from primary visual cortex indicates that increased gamma oscillations are associated with reduced firing rates of principal excitatory neurons, the authors proposing activation of a neuron's suppressive surround as a mechanism for these phenomena (Gieselmann and Thiele, 2008) . Similar work has also shown that gamma oscillations occur most strongly in response to large stimuli spanning multiple receptive fields and that selective attention towards a particular receptive field both reduces gamma oscillations and increases neuronal firing rates (Chalk et al., 2010) . Modelling of cholinergic attentional mechanisms suggests that acetylcholine acts to increase lateral inhibition and reduce lateral excitation (Deco and Thiele, 2011) . Figure 4 Model of the cause and role of auditory cortex gamma oscillations in the suppression of tinnitus. A simplified schematic of the auditory pathway (A) in association with tinnitus, during silence (i.e. no external auditory stimuli), (B) in the context of residual inhibition after the masking stimulus has ended, (Ci) during residual excitation while the masking stimulus is still present, and (Cii) during residual excitation once the masking stimulus has ended. The horizontal axis (and greyscale gradient) indicate the part of the tonotopic axis of the auditory pathways. Vertical arrows indicate forward connections, with thickness denoting connection strength. Spiking activity in auditory thalamus is represented at each frequency by the height of the line shown. Lateral inhibition, between cortical tonotopic regions, is denoted by diagonal flat-ended arrows, with strength of inhibition denoted by line thickness. Mutual inhibition, in the form of cortical gamma oscillations, is denoted by arrowed circles within auditory cortex, with strength denoted by circle thickness and phase by the position of the arrows on the circles. Mean firing rate of cortical excitatory neurons is denoted by the height of the line shown. Arrows projecting from auditory cortex denote the strength of cortical efferent connections to higher cognitive and perceptual networks, with strength represented by arrow thickness.
Based on these findings, we postulate that gamma oscillations are facilitated by activation of neighbouring tonotopic regions in the context of reciprocally balanced lateral inhibition, and that these oscillations act to mutually inhibit the firing rates of excitatory neurons. We also propose that in attentional states, imbalances in lateral inhibition lead to certain tonotopic regions 'winning out', which is associated with a reduction in gamma oscillation-mediated mutual inhibition. In tinnitus, we suggest that an area of auditory cortex spanning multiple tonotopic regions is chronically stimulated, and these regions are subject to relatively balanced lateral inhibition. These conditions lead to strong mutual inhibition via gamma oscillations that are synchronous across a relatively wide region of cortex and thus strongly detectable externally. Functionally, these oscillations attenuate the representation of a broad and information-poor input to auditory cortex, and are facilitated by its relative homogeneity and low recruitment of attentional mechanisms. In the case of residual inhibition, the difference is that the thalamic inputs are partially normalized. There is thus a weaker thalamocortical input, which results in gamma-mediated mutual inhibition that is less pronounced than in spontaneous tinnitus. In the case of residual excitation, the thalamic and thalamocortical inputs return to baseline after cessation of the masker, and the primary mechanism is a disruption of the gamma oscillations. Presentation of an auditory stimulus narrower in spectrum than the region of deafferentation may result in an imbalance of lateral inhibition at the edge frequencies of the stimulus (edge frequencies strongly inhibit their neighbours and are in turn only weakly inhibited). Once the stimulus has ended, the imbalance in lateral inhibition temporarily persists. This imbalance is perpetuated by the continued (albeit weaker) input at masker frequencies due to thalamocortical projections. It could also be promoted by cholinergic activity, either at a purely local level, or involving the action of the basal forebrain cholinergic system that mediates both stimulus-driven and topdown attention (Sarter et al., 2005) . The imbalance of lateral inhibition disrupts gamma oscillations around these stimulus edge frequencies, leading to an overall pattern of gamma oscillations that is reduced in magnitude from baseline, and occurring incontiguously (due to anatomical discontinuity and/or phase dys-synchrony). The effect of this gamma disruption is a release from inhibition of neuronal activity and therefore strengthened projection to higher perceptual areas.
Regardless of our model's correctness, the finding that auditory cortex gamma oscillations are an inhibitory process in tinnitus is an important one; cortical gamma oscillations are known to be generated by the action of gamma-aminobutyric acidergic interneurons (Candin et al., 2009) and to be influenced in vivo by local concentration of gamma-aminobutyric acid (Muthukumaraswamy et al., 2009) . These factors are potentially amenable to pharmacological manipulation, and therefore a correct understanding of their role with respect to tinnitus is important for therapeutic exploitation. If our assertion is correct that cholinergic mechanisms influence gamma oscillations in tinnitus, then this might represent a further possible avenue of pharmacological intervention. Our findings suggest that auditory cortex gamma oscillations are not generators of tinnitus, but rather an intrinsic control mechanism that exerts tonic suppression of the phantom auditory percept, and might be augmented to therapeutic effect.
Conclusion
We have studied a group of patients with tinnitus who are typical, except for a higher than usual proportion with normal pure-tone audiograms, using a method that is capable of detecting dynamic correlates of tinnitus in the form of cortical oscillatory power changes. Our results indicate that, with the exception of auditory cortex delta/theta and gamma oscillations, these tinnitus correlates are highly heterogeneous across individuals in terms of the anatomical locations involved, laterality, frequency bands and directions of power change. We suggest that individual level analysis is an important part of the study of cortical tinnitus correlates, as otherwise homogeneity might be falsely assumed, and important changes might be cancelled out at group level and missed altogether.
Our striking and consistent finding was that in residual inhibition, auditory cortex gamma power positively correlates with tinnitus intensity, and in residual excitation it shows the opposite correlation. On this basis we conclude that these oscillations cannot constitute the perceptual or intensity code of tinnitus that they are argued to be in current models of tinnitus. We propose that these oscillations exert an inhibitory influence on tinnitus intensity, and suggest a model based on mutual inhibition to explain this assertion. This finding has wide-ranging implications for the study of tinnitus and future treatments aiming to manipulate the dynamics of cortical gamma oscillations.
